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Introduction
According to World Health Organization's report, more than 13% of the world population are obese, which is a doubling over the last 35 years. Of the world's 7.2 billion people, 25% are overweight or obese, more than 50 million children at the age of 5 are obese, and 266 and 375 million men and woman are obese, respectively [1] . In Europe, the EU Action Plan on Childhood Obesity 2014 -2020 outlines actions targeted to make it easier for children to reduce their calorie intake [2] . In order for children to have proper linear growth and development, one should consider how to design new diet regimens for the purpose of obesity prevention without causing malnutrition.
Circadian rhythms play an important role in the regulation of metabolism to optimise energy use and storage. Both rodent and human studies have demonstrated that restricting food intake to the active phase (nighttime in rodents and daytime in humans) limits metabolic disturbances induced by high-energy diets, while eating during the inactive/sleep phase (daytime in rodents and nighttime in humans) leads to a worse metabolic outcome [3] [4] [5] [6] [7] [8] .
Hence, abolishment of eating during the inactive/sleep phase should be an ideal target for obesity prevention and treatment.
Animal research using different paradigms has been often performed to characterize the effects of timing of food intake on metabolic profiles in order to obtain the evidence to support a "best time" not to eat. Previous studies have shown that a high-fat diet altered daily feeding rhythm by increasing feeding during the inactive phase [9, 10] . Indeed, mice fed a high-fat diet during inactive phase gained more weight than mice fed the same diet during the active phase [11] . Both animal study using male Zucker rats and pilot clinical study in 8 obese patients showed beneficial effects of time-restricted feeding (TRF) as an anti-obesity strategy [5, 7] . It should be noticed that most animal studies of TRF were conducted in adult, but not juvenile rodents. Recently, Chaix et al. introduced a special weekly schedule of TRF regimen
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4 that allows only 9-12 hours/day access to food for 5 days (i.e., during the weekdays), but free access to food during the weekend. Based on their results using mouse models, they suggested that this TRF regimen can be a preventative as well as therapeutic intervention against obesity [4] . This TRF regimen sounds more adaptable to people's lifestyles than current regimens including the so-called 5:2 diet and daily calorie restriction [12] . Thus, it has been particularly highlighted in Science as "You are not just what, but when you eat" [13] .
In the study by Chaix et al., there was, however, no data showing why calorie intake during inactive phase was the target, and whether this specific TRF could prevent young animals from developing obesity under high-fat diet. Further, the method of determining food intake by Chaix et al. was performed by manually monitoring the food intake on a weekly basis.
In the present study, we wanted to expand these previous studies by analyzing the feeding rhythm and metabolic measurements in more detail (e.g., number of meals, meal size, intermeal interval, calorie intake, and energy expenditure) using Comprehensive Laboratory Animal Monitoring System (CLAMS) animals [14] . We used rats and not mice, because CLAMS is performed much more precisely in rats than in mice. The aims of the present study were; 1) to demonstrate that calorie intake during light (inactive) phase was an ideal target, particularly during the course of high fat diet; 2) to examine whether this special TRF regimen might restrict the weight gain in young animals when fed high fat diet; and 3) to examine whether this TRF regimen might be used as a therapeutic intervention in older obese rats when fed high fat diet.
Methods

Animals and High-fat Diet
Rats (Sprague-Dawley, four weeks old, male) were purchased from Taconic (Ejby, Denmark). The diet-induced obese (DIO) rats were put on a 50:50 high fat diet and normal chow for two weeks (from 5 weeks of age) before placed on 100% high fat diet until the end of study [15] . The normal-diet (ND) rats were kept on normal chow during the entire study. 
Time Restricted Feeding
The rats placed on time-restricted feeding (TRF) regimen had freely access to food for 9 hours per day (21:00 to 06:00) during the dark phase (19:00-07:00), for 5 weekdays. During
these weekdays, food was manually removed at 06:00 to ensure no food consumption for subsequent 15 hours. However, during the weekend (2 days), rats were allowed to have freely access to food for 24 hours per day.
Experimental Design
Fifty rats were used in three experiments (Fig. 1) . Experiment no. 1 was performed to obtain basic information. Two groups of age-matched rats (5-35 weeks of age) were given either high fat diet (HFD) to induce obesity (DIO) (n=12) or were fed normal diet (ND) (n=8).
In experiment no. 2, we wanted to test whether TRF could prevent DIO. TRF was applied in juvenile rats fed HFD either starting at 5 weeks of age for 12 weeks (n=6) or starting at 13
weeks of age for 4 weeks (n=6) vs. time-matched controls fed HFD ad libitum (n=6). Male Sprague-Dawley rats at 4-5 weeks of age correspond to pre-adolescent in humans, as they would reach sexual maturation at 6 weeks [16] . In experiment no. 3, we wanted to test whether TRF could induce body weight loss in adult DIO rats. TRF was started at 18 weeks of age and lasted for 9 weeks (n=12). The effect of TRF was assessed in animals acting as their own control. The studies reported here were conducted over a 3-year period in the same state-of-the-art facility, under controlled conditions and using animals sourced from a single supplier.
Measurements of Energy Balance by CLAMS
The animals were acclimatized to the Comprehensive Laboratory Animal Monitoring System (CLAMS; Columbus Instruments International, Columbus, OH USA) for 24 h before data collection. CLAMS analysis was performed in the following experimental groups: ND and DIO rats at 35 weeks of age (experiment no. 1), HFD juvenile rats with and without TRF at 7 weeks of age (experiment no. 2) and, adult DIO rats before and during TRF (17 weeks
and 24 weeks of age, respectively) (experiment no. 3). We did not perform CLAMS analysis of the second TRF group (13 weeks, experiment no. 2), because we assumed it would be the same as the first TRF group (5 weeks, experiment no. 2). At data collection, the animals were kept in CLAMS for 72 h and data from the last 48 h were used for analysis. Animals were 
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Body Composition Analysis
Body composition was determined using dual energy X-ray absorptiometry (DXA) with small animal software (Hologic QDR 4500A, Hologic Inc., Bedford, MA, USA). Fat percentage (%) was calculated based on total fat mass (g) and total fat-free mass (g). DXA
was performed under anesthesia (isoflurane), 4% was used for induction and 3% for maintenance. Due to practical reason, we performed DXA analysis only in experiment no. 1, i.e., ND and DIO rats at 30 weeks of age.
Statistical Analysis
The data are expressed as means ± SEM. Statistical comparisons were performed using independent t-test between the groups, and paired t-test for comparisons within groups.
One-way ANOVA with Tukey post-hoc test was used for comparison of more than two independent groups. Univariate analysis of variance was used to detect differences in body weight development and in eating patterns between groups. Repeated measures ANOVA was used for comparison of body weight after TRF in adult rats. A p-value of <0.05 (two tailed) was considered statistically significant. G*Power 3.1 was used for power analysis, and 0.80 was considered as adequate. Randomization A C C E P T E D M A N U S C R I P T 9
Results
High-fat diet vs. normal diet At the age of 5 weeks, animals that were allocated to HFD group started to have ad libitum a 50:50 mixture of HFD and ND, and from the age of 7 weeks they had ad libitum access to HFD only. All these individual animals gained body weight continuously and although not all were heavier than normal chow-fed controls, the mean body weight was significantly higher compared to controls, and they all had higher fat percentage, evidence of developing diet-induced obesity (DIO)( Fig. 2A-C Table S3 ). However, there was no relationship between body weight and calorie intake per 100g body weight or energy expenditure per 100g body weight (Fig. S1C & D , Table S3 ).
RER, but not energy expenditure, were lower in DIO rats compared to control rats (p<0.001
and p>0.05, respectively) (Table S4 ). In addition, the DIO rats had increased meal size (kcal/meal) and rate of eating (g/min) compared to controls (p<0.001). Meal duration (min/meal) was unchanged, while number of meals was significantly reduced in DIO rats compared to controls (p<0.001) (Table S4 ). Further analysis showed that rats either fed with ND or HFD displayed a normal 24-h eating pattern (Fig. 2I & J, and Table S5 ). There was significant difference in eating pattern between ND and DIO rats, where the DIO rats had increased calorie intake/100g body weight during the light phase compared to ND rats
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A C C E P T E D M A N U S C R I P T 10 (p<0.05) (Fig. 2I-K , Table S4 -6) . CLAMS data collected during the weekend did not differ from that collected during weekday (p>0.05) (Fig. S1A & B , Table S7 ).
HFD with vs. without TRF in juvenile rats
The rationale of TRF was to prevent food intake during the inactive phase (light phase in rats). HFD-fed juvenile rats placed on TRF at 5 weeks of age gained significantly less weight over the course of 12 weeks compared to HFD-fed rats without TRF (p<0.001) (Fig.   3A , Table S8 ). Another group of HFD-fed rats were placed on TRF at 13 weeks of age, and also gained significantly less weight than age-matched HFD-fed controls (p<0.001) (Fig. 3B , Table S9 ). At 17 weeks of age, HFD-fed control rats were significantly heavier than normal chow-fed rats (p<0.05) and there were no differences between ND rats and HFD-rats on TRF either starting 5 weeks or 13 weeks of age (Fig. 3C , Table S10 ) (p>0.05). HFD rats in juvenile control group showed a similar 24-h eating pattern, i.e. eating most during the dark phase, but also eating during the light phase (Fig. 3D) . TRF was applied to block the access to food for 15 hours during the light phase on weekdays (5 days), but not during the weekend (Fig. 3E and F, respectively). Univariate analysis of variance revealed that the eating pattern during the weekend in the HFD-rats (Fig. 3D ) was similar to rats on TRF (p>0.05) (Fig. 3F ) (Table S11-12 ).
Eating behaviour analysis by CLAMS was performed only at 7 weeks of age. In juvenile rats, 24-h calorie intake was unchanged during weekdays, which was because the elimination of food intake during light phase was compensated by an increased food intake during dark phase ( Fig. 3G & H, Table S13 ). No change was seen in either RER or energy expenditure ( Fig. 3I & J, Table S13 ). There was no difference in eating behaviour parameters such as number of meals, meal size (kcal/meal), meal duration (min/meal) or rate of eating (g/min) during the weekdays compared to HFD-fed control rats (Table S14) . During the
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11 weekend, 24-h calorie intake was increased in TRF-treated rats compared to the control rats Table S15 ). TRF rats had higher RER compared to HFD-fed control rats (p<0.05) (Fig. 3M , Table S15 ), and unchanged energy expenditure (Fig. 3N , Table S15 ).
Calculations of calorie intake per week revealed no statistically significant difference between TRF and control group (p>0.05) (Table S14 ). There was no difference in eating behaviour parameters such as number of meals, meal size (kcal/meal), meal duration (min/meal) or rate of eating (g/min) during the weekend compared to HFD control rats (Table S16 ).
TRF in adult DIO rats
Adult DIO rats continued to gain weight after they were placed on TRF at 18 weeks of age (DIO+TRF) (Fig 4A, Table S17 ). Comparison of absolute body weight at 18 weeks of age, and 1 week, 1 month and 2 months after TRF revealed that DIO+TRF rats had a significantly increase in body weight during the period from 18 to 27 weeks of age (Fig. 4A , Table S17 ).
The rats showed a typical 24-h eating pattern, i.e. eating most during the dark phase, but also eating during the light phase (Fig. 4B , Table S18 ). TRF was applied to block the access to food for 15 hours during the light phase during weekdays (5 days), but not during the weekend (Fig. 4C & D , Table S18 ). The eating pattern during the weekend in DIO+TRF rats (Fig. 4D ) was similar as before they were placed on TRF (Fig. 4B , Table S18 and 19) (p>0.05).
In adult DIO rats, 24-h, and dark phase calorie intake were unchanged during weekdays, and 24-h, light and dark phase calorie intake were unchanged during the weekend ( Table S20 & 22). TRF did not reduce calorie intake per week (p>0.05, Table S21 ). TRF did not alter eating behaviour parameters such as rate of eating (g/min) or meal size (kcal/meal), however
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12 meal duration (min/meal) was reduced compared to before TRF (p<0.05) during both weekday and the weekend (Table S21 and 23 ).
Discussion
The present study showed the circadian rhythm of eating behavior in a high-fat dietinduced obese rat model and importantly that TRF for 9 hours/day during weekdays reduced obesity during adolescence and early adulthood in rats. This corresponds well with our knowledge of the eating behavior of obese patients who often eat late in the evening and/or during the night [17] . The metabolic parameters showed that diet-induced obese (DIO) rats had a reduced RER, probably suggesting a lower oxidative capacity in muscle, i.e. more fat is being used for energy expenditure compared to normal chow-fed (ND) rats [18] . This is true for all DIO rats as displayed by correlation analysis between body weight and RER. The detailed analysis of the eating behavior further showed that DIO rats ate significantly higher amount of calories per 100g body weight than the ND group, however, only during light phase, indicating an excessive energy intake during light phase, which is likely to be driving the development of obesity. This is in line with evidence that whether food is ingested during the day or the night will lead to different metabolic consequences [3] . Correlation analysis between calorie intake (kcal) and body weight (g) showed that the more the animal weighed, the more they ate. Thus it is more feasible to use calories per 100g body weight when comparing amount eaten during day and nighttime between ND and DIO rats. There was no difference in energy expenditure between ND and DIO rats, and this may be explained by the correlation analysis between energy expenditure and body weight. Energy expenditure was related to body weight rather than fat percentage. Thus, obesity in DIO rats does not occur due to reduction in energy expenditure. In addition, DIO rats have increased meal size and rate of eating, and reduced number of meals per day compared to ND rats, which is consistent
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13 with previous findings [15] . This also confirms the reports showing that rapid eating and large meals were associated with increased body weight and BMI [19, 20] . Furthermore, total energy intake in our DIO model was increased by 74% in terms of kcal/24h or 41% in terms of kcal/100g BW/24h compared to ND control. This is comparable with other studies. For instance, a DIO model in a report by Bake et al. had about 50% increase in total energy intake compared to controls [21] . It should be noticed that normal control diets used in these two studies were different, i.e. 2.57 kcal/g in our study vs. 2.67 kcal/g in the other study [21] . It should also be noticed that by applying the modified feeding method as reported previously by our group [15] , DIO rats in the present study displayed much less variability in individual responses to high-fat diet than those earlier reports [22] [23] [24] [25] .
Based on these findings and the report by Panda's group [4] , we further tested whether this TRF that blocks food accessibility during the daytime in rats (corresponding to nighttime in humans) would prevent the body weight gain in rats that were still on HFD. In order to make this regimen relevant to human lifestyles, we have also chosen the weekly schedule of TRF, i.e. TRF for 5 days (i.e. weekdays) with 2 days of free-feeding (i.e. the weekend) in juvenile rats from 5 and 13 weeks of age and adult rats from 18 weeks of age for 12, 4 and 9 weeks, respectively. Despite the same levels of 24h-calorie intake during either weekdays or the weekend, juvenile TRF rats gained less weight than those fed ad libitum. This is consistent with previous studies showing that day-fed rats gained more body weight than rats fed during the night or ad libitum [26] . However, this only occurred in juvenile rats, but not in adult rats.
This is in contrast with the previous study that showed a restriction in body weight gain in DIO mice when ad libitum feeding was switched to the 5 days per week TRF regimen [4] . It was shown in the previous study that HFD mice on TRF gained significantly less body weight, which was in parallel with reduced fat mass compared to mice fed HFD ad libitum [4] . In the present study, we were unable to compare body composition between HFD rats
with and without TRF due to practical reasons. TRF was without effect on RER and energy expenditure (EE) in juvenile rats, but reduced both RER and EE in adult DIO rats, particularly during the weekdays, probably suggesting increased fat oxidation and/or a lower oxidative capacity in muscle during TRF [27] . Switching from ad libitum feeding regimen to TRF did not alter feeding behaviour such as meal size, satiety ratio or number of meals on a day-to-day basis in juvenile rats. Thus, the causal factor for weight loss in juvenile rats was most likely due to food restriction per se. The reduction in meal duration per meal by TRF in adult rats might suggest that the rats learned that the food access would be restricted, and therefore they ate quicker while food was available. DIO adult rats had positive relationships between body weight and calorie intake or EE but negative relationship with RER. TRF in DIO adult rats was without effect on calorie intake and reduced EE as well as RER, together leading to unchanged body weight. Recently, we have shown that when a body weight plateau was reached following either HFD-induced weight gain or gastric bypass-induced weight loss in adult rats, a new steady-state energy homeostasis occurred by alterations in EE and RER rather than total calorie intake [14] . Taken together, it may explain why TRF restricted HFDinduced body weight gain in younger rats but not adult DIO rats.
In general, body weight loss induced by dietary intervention differs depending on age and the degree of overweight and obesity. An important consideration is that children need sufficient calories and nutrition for proper linear growth [28, 29] . Since this special TRF regimen works based on when to eat, and not what to eat, we may suggest that this special TRF is safe for the juvenile and adolescent population without risking disruption in growth.
However, more data are needed in the future, particularly when considering clinical trials of childhood obesity development and prevention.
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Conclusions
In the present study, we demonstrated that DIO rats ate significantly higher amount of calories per 100g body weight only during light phase in comparison with the normal chow rats. Furthermore, we demonstrated that the TRF regimen by restricting feeding to a 9 hour interval during the dark phase on 5 weekdays per week restricted high-fat diet-induced weight gain in juvenile rats without reducing total calorie intake per week. We may suggest a new strategy, i.e., the earlier to apply this new way of dieting the better to prevent obesity development.
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All authors declare no conflict of interest. hours (kcal/100g BW) during the weekdays (before TRF; n=5, during TRF; n=5). F. Calorie intake (kcal/100g BW) during daytime and nighttime during the weekdays (before TRF; n=5, during TRF; n=5). G. RER during the weekdays (before TRF; n=5, during TRF; n=5). H.
Energy expenditure (kcal/h/100g BW) during the weekdays (before TRF; n=5, during TRF; n=5). I. Calorie intake in 24 hours (kcal/100g BW) during the weekend (before TRF; n=5, during TRF; n=5). J. Calorie intake (kcal/100g BW) during daytime and nighttime during the weekend (before TRF; n=5, during TRF; n=5). K. RER during the weekend (before TRF; n=5, during TRF; n=5). L. Energy expenditure (kcal/h/100g BW) during the weekend (before TRF; n=5, during TRF; n=5). CLAMS analysis was performed at 17 and 24 weeks of age.
Data are expressed as means ± SEM. *, **, ***: p<0.05, 0.01, 0.001. NS: not significant.
Repeated measures ANOVA was used for comparison of body weight before, during and after TRF in adult rats (A). Paired t-test was used for in-group comparison analysis (E-L).
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Wilcoxon Ranked test was used for E and F. For values see Supplementary Table S17-23.
Highlights
 Restricting feeding to the active phase during weekdays restricted weight gain in juvenile but not adult rats.
 Total calorie intake per week was not reduced by restricting feeding to the active phase.
